ABSTRACT: All-dielectric metamaterials offer a potential low-loss alternative to plasmonic metamaterials at optical frequencies. Here, we take advantage of the low absorption loss as well as the simple unit cell geometry to demonstrate large-scale (centimeter-sized) all-dielectric metamaterial perfect reflectors made from silicon cylinder resonators. These perfect reflectors, operating in the telecommunications band, were fabricated using self-assembly based nanosphere lithography. In spite of the disorder originating from the self-assembly process, the average reflectance of the metamaterial perfect reflectors is 99.7% at 1530 nm, surpassing the reflectance of metallic mirrors. Moreover, the spectral separation of the electric and magnetic resonances can be chosen to achieve the required reflection bandwidth while maintaining a high tolerance to disorder. The scalability of this design could lead to new avenues of manipulating light for low-loss and large-area photonic applications. KEYWORDS: all-dielectric metamaterial, perfect reflector, nanosphere lithography, Mie resonance R ecently, there has been great interest in finding alternatives to metal-based metamaterials (MMs) in an effort to overcome the free-carrier absorption found in metals at optical frequencies.
R ecently, there has been great interest in finding alternatives to metal-based metamaterials (MMs) in an effort to overcome the free-carrier absorption found in metals at optical frequencies. 1−3 Additionally, metallic unit cells often exhibit complicated geometries that render the optical response anisotropic 3 and necessitate the use of nanoscale lithography techniques, such as electron beam lithography, to pattern the unit cells. These patterning techniques are slow and expensive, prohibiting the designs from being scaled to large areas. Dielectric metamaterials 4−10 based on electric and magnetic Mie resonances 4,6,11−16 in transparent dielectric particles provide a lower-loss alternative to metal-based MMs. Furthermore, due to their simple unit cell geometries such as spheres, cubes, cylinders, and rods, 4,5,16−18 dielectric MMs can potentially be patterned with alternative techniques that allow scaling to large areas.
In recent work, we have demonstrated near-perfect broadband reflection in the telecommunications band using singlenegative metamaterials formed from both periodic and disordered lattices of silicon (Si) cylinders. 15, 19 Although gold (Au) and silver (Ag) mirrors exhibit high reflection they still absorb ∼2% of light in this band. In place of metallic mirrors, distributed Bragg reflectors (DBRs), made of alternating dielectric layers, are typically used for achieving near-perfect reflection. The primary disadvantage of Bragg reflectors is that the deposition of multiple dielectric materials is a lengthy process which adds to the cost of the product. Realization of perfect reflection from a single-layer large-scale metamaterial, which forms the basis of this article, offers advantages in terms of simple, high-throughput, and low-cost fabrication, and in turn opens the door to future paint-like coatings of metamaterials for even larger-area implementation.
Additionally, the metamaterial approach provides the freedom to manipulate both the magnetic and electric response of the reflector. Conventional mirrors made from metal and Bragg reflectors operate as electric mirrors in which the reflected electric field undergoes a 180°phase change resulting in an electric field minimum at the mirror surface. Dielectric metamaterial perfect reflectors can exhibit perfect reflection due to both electric and magnetic dipole Mie resonances. 8, 15, 19, 20 In this case, the phase of the reflected electric field can be swept from 180°to 0°by moving from the electric to the magnetic resonance. 20, 21 Most importantly, at the magnetic resonance a reflection phase shift of 0°results in an electric field maximum at the surface of the material, strongly enhancing the light−matter interaction 22 of materials placed on the mirror. This field enhancement could be useful for applications, such as surface-enhanced Raman spectroscopy or SERS.
In our previous work, 15 electron beam lithography was used for a proof-of-concept demonstration of a dielectric metamaterial reflector with a sample size of 100 μm × 100 μm. However, for large-area applications, electron beam lithography is impractical. Here, we describe the design and fabrication of large-scale (centimeter-sized) MM perfect reflectors based on silicon (Si) cylinder resonators. Silicon is used as the resonator element due to its transparency and large permittivity at infrared frequencies, as well as its well-developed top-down nanofabrication processes. Cylindrical resonators are used because they allow spectral separation of the electric and magnetic Mie resonances by changing the aspect ratio (AR) and can be patterned by nanosphere lithography and reactive ion etching (RIE). Using this platform, we demonstrate near-perfect reflection over large centimeter-sized areas with around half a billion resonators comprising the metamaterial. In addition, by studying the effect of lattice disorder originating from the self-assembly patterning process, it was found that the reflectance due to the magnetic resonance is more tolerant to disorder than the electric resonance due to better confinement of the optical mode. This research could lead to the use of large-scale perfect reflectors within the telecommunication band for large-area applications.
The conditions needed to achieve perfect reflection using a thin slab of material are described in the literature. 19 The first condition is complete impedance mismatch with air, namely, the real part of the impedance must be zero. This condition is achieved when ε′/μ′ < 0 (single-negative MM) and ε″μ′ = ε′μ″, where the complex permittivity and permeability are given by ε′ + iε″ and μ′ + iμ″, respectively. The single-negative condition can be satisfied at electric or magnetic resonances, provided that the resonances are spectrally separated. The equation ε″μ′ = ε′μ″ is more restrictive but is conveniently satisfied by lossless materials. The second condition for perfect reflection is that the imaginary part of the index (n″) needs to be large to prohibit any evanescent tunneling of light through the slab.
One way to achieve the conditions for perfect reflection is to use electric and magnetic dipole resonances of Si cylinder resonators. In particular, here we arrange the resonators in a hexagonal lattice (Figure 1a) to realize a single-negative metamaterial. S-parameter retrieval 23−25 was performed to extract effective metamaterial properties using the complex transmission and reflection coefficients, which were numerically calculated using full-wave simulations (CST Microwave Studio). Figure 1b illustrates the properties of the metamaterial, namely a region where ε′ < 0 and μ′ > 0(electric dipole resonance) at a normalized wavelength (λ n = λ/P, where P is the lattice period) of 1.34 and μ′ < 0 and ε′ > 0 (magnetic dipole resonance) at a normalized wavelength of 1.65. Figure 1c shows the metamaterial reflection spectra, demonstrating perfect reflection at these two wavelengths. The inset shows the corresponding electric and magnetic field plots, illustrating that the two reflection peaks correspond to electric and magnetic dipole resonances.
In order to fabricate the metamaterial on a large scale, we utilized a modified version of nanosphere lithography. First, polystyrene (PS) spheres (820 nm in diameter) were self-assembled into a monolayer hexagonal close packed lattice at an air−water interface 26−29 ( Figure 2a ). Then, two key techniques, orientating the PS spheres and maximizing their concentration, were used to expedite the formation of a waferscale close-packed pattern with millimeter scale single grain sizes. The reorientation of PS particles at the air−water interface was accelerated by perturbing the particles with a gentle and controlled flow (5 L/min) of compressed air through a flat nozzle. 26 We maximized the concentration of PS particles at the air−water interface by minimizing loss of PS particles in the liquid phase 30 (see Methods for details). After formation of the close-packed monolayer of PS particles at the air−water interface, the pattern was transferred onto an silicon-oninsulator (SOI) substrate (SOITEC) placed below the water surface at a 10°inclination angle 31 by slowly draining the water from the Teflon bath. An image of a PS pattern assembled on an SOI substrate (2 cm × 2 cm) is shown in Figure 2b . The strong opalescence indicates the formation of a close-packed pattern with individual single grain sizes varying from 2 mm to 10 mm. These individual grains correspond to single crystals comprised of hexagonal close-packed lattices of PS particles oriented in a particular direction. These single crystals nucleate at different spatial positions before coming together to form a polycrystalline layer during the assembly process. Next, the PS spheres (SEM image in Figure 2c ) were downscaled in size to 560 nm ( Figure 2d ) using an isotropic oxygen plasma etch. This pattern served as an etch mask for the subsequent RIE processing of Si using SF 6 /C 4 F 8 chemistry. Figure 2e ,f show SEM images of the top and isometric views of the final metamaterial (after removal of PS mask) consisting of Si cylinders (D top = 480 nm, D bottom = 554 nm, H = 335 nm, and P = 820 nm) arranged in a hexagonal lattice. The SEM images along with the optical image clearly demonstrate that nanosphere lithography can yield high quality dielectric resonators over a large area.
The size variations in PS spheres (coefficient of variance (CV) ≤ 3%) and the self-assembly process resulted in some disorder in the metamaterial. The resonator positional disorder (4.1%) was calculated by first finding the standard deviation of nearest neighbor distances for 188 resonator samples (SEM image) and then normalizing the standard deviation to the ideal periodicity (820 nm). To characterize the role of disorder, the reflectance from the metamaterial was measured using a custom-built infrared (IR) microscope with white light illumination at normal incidence to the metamaterial surface and was compared with the simulated reflectance from a perfectly periodic metamaterial (Figure 3a) . The simulated reflectance was calculated using the dispersive optical properties of Si measured by ellipsometry. To properly compare with the measured spectra, the simulations include a 2 μm SiO 2 layer below the Si resonators and a semi-infinite Si substrate. The reflectance from the metamaterial reflector was first normalized to the reflectance from a silver mirror. The absolute reflectance of the silver mirror was also measured and used to calculate the absolute reflectance of the metamaterial reflector. The maximum reflectance measured at normal incidence was 99.7% at 1530 nm, which is in excellent agreement with the simulation. It is important to note that the maximum reflectance from the metamaterial reflector surpasses the average reflectance of the silver mirror (measured as 97.7%) and a gold mirror (99%) 32 in the telecommunications wavelength band.
To characterize the uniformity of the reflectance over a large area, we carried out a spatial scanning of reflectance at 1530 nm over a 10 mm-by-10 mm area of the fabricated sample. The spatial reflectance scan, shown in Figure 3b , indicates an average reflectance of 99.2% with a standard deviation over the entire area of only 0.21%, which is at the same level as the measurement noise of 0.25%. The uniformity of the peak reflectance over such large areas indicates that the homogenized properties of the metamaterial hold over large areas despite the disorder of the lattice.
To illustrate the angle-resolved behavior of the perfect reflector we have plotted the theoretical and experimental reflectance at 1530 nm as a function of the angle of incidence for s-(electric field parallel to the surface) and p-polarizations (magnetic field parallel to the surface) in Figure 4a . In the experimental measurements, the sample was mounted in an integrating sphere and reflectance was measured for incident angles ranging from 10°to 45°with respect to the normal direction of the substrate. The theoretical and experimental data are in good agreement and it can be observed that the reflectance for both polarizations is relatively constant up to an angle of 15°. For larger angles, the reflectance for s-polarized light remains relatively constant while the p-polarization experiences a marked decrease in reflectivity. The difference in the simulated and measured reflectance at higher angles of incidence is attributed to the fact that disorder in lattice was not considered in simulation but influences the measured reflectance. Higher angles of incidence lead to a larger phase shift between the resonators amplifying perturbations in their resonance frequency. We also find that the higher-order diffraction at 1530 nm are negligible for all angles of incidence, indicating that the most of the incident energy is reflected into the zeroth order specular mode. To demonstrate the uniformity of its specular reflectance, a Vanderbilt University logo was reflected off the metamaterial at a 20°incident angle and imaged using an IR camera at 1530 nm. The diameter of the logo on the MM reflector surface was approximately 7 mm. The image produced by the MM reflector is compared to that produced by a metallic mirror in Figure 4b . No distortion in the image was found in the case of MM reflector compared to the case of the planar metallic mirror.
To better understand the polarization and angular dependence of the reflection, the numerically calculated reflectance spectra for s-and p-polarizations are plotted as a function of incident angle in Figure 4c and e, respectively. For s-polarization the magnetic dipole mode 15, 33, 34 maintains a relatively constant spectral position with increasing angle of incidence, as demonstrated in the reflectance spectrum in Figure 4c . The presence of the magnetic dipole at an 80°incident angle and illumination wavelength of 1530 nm is further supported by the field plot in Figure 4d . However, for p-polarization, increasing the illumination angle results in a red-shift of the magnetic mode (Figure 4e) , decreasing reflection at 1530 nm. Another interesting feature to note here is the formation of a sharp reflectance peak due to vertical magnetic dipole resonance (H z ). The field plot corresponding to the vertical magnetic dipole at 1833 nm and an 80°angle of incidence is illustrated in Figure 4d .
It is also critical to understand what role disorder plays on the electric and magnetic resonances of the surface. Figure 5a compares the measured reflectance from a MM with a disorder of approximately 4% and the simulated reflectance from a perfectly periodic metamaterial with a hexagonal lattice (P = 820 nm). While the measured reflectance shows excellent agreement with the simulated reflectance at the magnetic resonance, it is approximately 15% less than the simulated reflectance at the electric resonance. This is because the electric mode is leaking into the regions between the resonators, whereas the magnetic mode is well confined within the resonator. To achieve tolerance to disorder, the electric mode must be more confined inside the resonator which can be achieved by increasing the aspect ratio. In Figure 5b we present the simulated and measured reflectance from a metamaterial with a resonator height of 500 nm, increased from 335 nm in the original design. The new design has a 200 nm broad reflectance band centered at 1700 nm with an average measured reflectance greater than 98%. The simulated electric field plot shows better confinement for the electric mode inside the resonators (D top = 460 nm, D bottom = 600 nm, H = 500 nm, P = 820 nm) than that observed in Figure 5a which ultimately results in higher reflectance near the electric mode in the fabricated samples.
It is interesting to note that the metamaterial perfect reflector design, in contrast with metallic mirrors, can be used to realize magnetic mirrors in which the maxima of the electric field is located at the surface of the metamaterial. However, only when the magnetic mode is spectrally separated from the electric mode will the perfect reflection due to the magnetic mode lead to the formation of a magnetic mirror. Due to the moderate dielectric constant of Si, the resonators must be carefully designed to minimize coupling while at the same time avoiding diffraction. In our approach to design a magnetic mirror with Si cylinder resonators we kept the periodicity (P = 820 nm) and height of the resonators (H = 335 nm) the same as in the original design while increasing the aspect ratio by reducing the diameter. This causes the electric and magnetic modes to become more separated from one another 14, 15 while decreasing the coupling between the resonators due to greater physical separation. This can be achieved using a metamaterial design with AR = H/D = 1.675 and D n = D/P = 0.24. As shown in Figure 6a , the reflection phase at the magnetic-dipole resonance (λ n = 1.16) remains close to zero, consistent with a magnetic mirror, while the difference in reflection phase between the electric (λ n = 1.01) and magnetic resonances is close to 180°. Figure 6b illustrates the phase offset 20 of the reflected electric field of the metamaterial reflector compared to a perfect electric conductor (PEC), demonstrating the magnetic mirror response. Furthermore, the metamaterial reflector shows no offset in reflection phase compared to a PEC at the electric resonance, as shown in Figure 6c . It should be noted that due to the decreased normalized wavelength, these magnetic mirrors experience diffraction at incident angles greater than 10°.
In summary, we demonstrated that dielectric MMs can overcome two serious issues of plasmonic metamaterials absorption loss and scalability limitations. Furthermore, these reflectors are tolerant to disorder and can be designed for either narrowband or broadband performance. To the best of our knowledge, this is the first reported effort for scaling up fabrication of all-dielectric metamaterials to large areas using a simple, low-cost, and high-throughput method. This research could pave the way toward experimental demonstrations of other large-scale metamaterials and metasurfaces, such as Huygens' surfaces, 14, 35 that possess more complex optical properties such as overlapped electric and magnetic modes.
■ METHODS Nanosphere Lithography. Commercially available polystyrene spheres in an aqueous solution (10 wt %) were mixed with an equal volume of ethanol and injected on to the water surface at a rate of 5 μL/min using a syringe pump. A tygon tube with a diameter of 0.5 mm was connected to the syringe and held upright with the bevel tip of the tube just touching the water (18.2 M-Ohm) surface. This results in the formation of a meniscus onto which PS particles are deposited. This technique reduces the chance of PS particles falling into the liquid phase. Contrary to the common practice of using a surfactant (SDS or Triton-X-100) to facilitate the self-assembly process, here we avoided using any surfactant as PS particles fell into the liquid phase more readily with increasing surfactant concentration. The self-assembly process was facilitated by reorienting the PS particles on the water surface using a controlled flow of compressed air through a flat nozzle (5 L/min) that was aimed at the water surface. This perturbation assisted self-assembly process led to better packing and larger single grains. It took 5−6 min to cover the entire water surface held in a 100 mm diameter cylindrical Teflon bath. The defects in the close-packed monolayer formed at the air−water interface are unavoidable due to size variations in the PS particles, resulting in stress within the pattern. To relieve the stress and to accommodate the defects such as PS particles randomly dispersing in the monolayer, the pattern was transferred on a substrate at a 10°i nclination angle. The substrate was placed below the water surface and the film was deposited by slowly draining the water from the bottom of the bath. The overall process of pattern transfer and drying the substrate in air took 20−25 min.
Simulation. All the simulation results, including reflectance plots and field profiles, were calculated using the Frequency Domain (FD) solver of CST Microwave Studio. In all of the simulations, periodic boundaries were employed in the x and y directions. Ports (18 modes calculated) were used on the input and output planes.
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